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Mice homozygousfor the motheaten (me) and vi-
able motheaten (me) mutations develop a pro-
gressively severe inflammatory disease in asso-
ciation with profound disruption of normal
hematopoiesis. these mutant mice have beenpre-
viously shown to manifest abnormaly high ex-
pression in the bone marrow ofcDNAs encoding
three members ofthe stefinfamily ofcysteinepro-
teinase inhibitors. The data reported here reveal
that increases in levels ofboth stefin transcripts
andproteins occur in bone marrow, splenic and
pulmonary tissues ofme and mev mice, and cor-
relate with the abnormal expansion of stefin
A-producing myelomonocytic ceUs in these tis-
sues. Increases in steJin expression are also ap-
parent in me and mev skin and appear to reflect
focal hyperplasia of stefin-producing epidermal
ceUs as weU as infiltration by stefin-expressing
monocytic and granulocytic ceUs. Because the in-
creases in stefin protein levels occur in the same
tissues that are most adversely affected by the me
mutation, it appears that overexpression ofthese
proteins may distinguish the ceU population re-
sponsible for disease pathogenesis and may be
relevant to the severe tissue inflammation and
damage observed in these mutant mice. (Am J
Pathol 1994, 145:902-912)

Mice homozygous for the autosomal recessive moth-
eaten (me) and the less severe allelic viable moth-
eaten (mev) mutations are severely immunodeficient

and develop systemic autoimmune disease early in
life.1-3 Affected animals are distinguished by the
patchy absence of pigment and alopecia, runting, the
development of progressively severe glomerulone-
phritis, arthritis with limb necrosis, and hemorrhagic
pneumonitis, which causes death by age 3 (me) or 6
(mev) weeks. These defects arise consequent to se-
vere disruption of normal hematopoietic cell devel-
opment and function. Lymphoid ontogeny is mark-
edly abnormal, with the mutant mice displaying a
paucity of bone marrow B220+ B cell progenitors and
early thymic involution with subsequent reduction in
T cell number and function.4'5 Similarly, both differ-
entiation and activity of natural killer cells are impaired
in these mice.7 8 Despite the reduction in normal lym-
phopoiesis, me and mev mice produce high titers of
autoreactive antibodies, an abnormality associated
with overexpansion in the periphery of CD5+ B cells,
a putative autoreactive subset normally constituting a
very minor portion of the peripheral B cell population.6

Monocyte/macrophage and neutrophil numbers
are also enormously increased and the accumulation
of these latter cell types in tissues such as the skin and
lung represents the major factor responsible for the
pathology. Because all of these abnormalities can be
transferred into irradiated normal mice by me or mev
bone marrow, the abnormality underlying the me and
mev phenotype has long been ascribed to a primary
hematopoietic cell defect.910 This contention has
now been verified by the recent data from our group
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linking the me phenotype to loss of function mutation
in the gene encoding atyrosine phosphatase, PTP1 C,
which is predominantly expressed in hemopoietic
cells.11'12 However, at present the precise biological
functions of PTP1 C are unknown and the cellular and
biochemical events whereby impaired expression of
this phosphatase causes the multiple phenotypic ab-
normalities seen in me mice remain to be determined.

To begin elucidating the pathophysiology of the se-

vere inflammatory disease expressed in me mice, we
undertook studies aimed at delineating some of the
biochemical abnormalities that occur in me and mev

hemopoietic cells, presumably as secondary conse-

quences to loss of PTP1 C function. To this end, a dif-
ferential screening strategy was used to identify
genes that are uniquely or preferentially expressed in
mev relative to normal hemopoietic cells. These stud-
ies led to the identification of three cDNAs that were
overexpressed in mev compared with normal bone
marrow cells.13 Based on the deduced amino acid
sequences, these cDNA encode three closely related
proteins of molecular weights 12.7, 13.8, and 14.1 kd,
which belong to the stefin family of cysteine protein-
ase inhibitors (CPI) and were thus designated as Ste-
fin (Stf)-1, -2, and -3, respectively. 13 The CPls repre-

sent a large superfamily of highly conserved proteins
that act as potent reversible and competitive inhibi-
tors of endopeptidases of the papain superfamily and
of lysosomal cathepsins, such as cathepsin B, H, and
L.14,15 Structural and functional differences between
the members of this family have led to their assign-
ment into three subfamilies; the stefins, the cystatins,
and the kininogens.14-16 Depending on their bio-
chemical properties and tissue distribution, members
of the stefin family are in turn further subclassified into
A (acidic) and B (neutral) subtypes14 and based on

these considerations the Stf-1, -2, and -3 cDNAs iso-
lated from mev bone marrow appear to encode stefin
A proteins. Thus, it appears that me bone marrow

contains one or more cell populations characterized
by abnormally high expression of three members of
the stefin A family of CPls.

Although CPls are recognized as the major endog-
enous inhibitors of lysosomal cysteine proteinases,
little information is available concerning the relevance
of CPls to specific aspects of cell behavior. However,
altered expression of both cysteine proteinases
and their inhibitors has been described in conjunction
with a broad spectrum of disease, most notably sys-

temic autoimmune, inflammatory, and neoplastic
states.19-21 Although the importance of these pro-

teins to tissue damage and dysfunction in these dis-
orders is not clear, the finding that stefin gene ex-

pression is increased in me and mev compared with

normal bone marrow cells suggests that these CPls
are of pathogenetic relevance. To address this pos-
sibility, we have now conducted more extensive
analysis of stefin expression in me and mev mice. As
reported here, the results of these studies indicate
that overexpression of stefin occurs predominantly in
myelomonocytic cell lineages and suggest that the
apparent increases in stefin levels in various me tis-
sues reflects abnormal expansion of stefin-producing
macrophage/myeloid populations in these tissues.
The data also indicate that increases in stefin protein
occur primarily in the tissues most adversely affected
by the me and mev mutations and therefore demar-
cate the presence of cell populations that are likely to
play a critical role in the pathogenesis of the
autoimmune/inflammatory disease observed in these
mutant mice.

Materials and Methods

Mice

Original breeding pairs for C57 BL/6J mevI+ and +/+
and C3HeBFeJ me/+ and +/+ were obtained from
the Jackson Laboratory (Bar Harbor, ME) and were
bred in the animal facility at the Samuel Lunenfeld
Research Institute, Mount Sinai Hospital. All mice
used in these studies were 9 to 14 days old.

Antibodies

The following monoclonal antibodies were prepared
in the laboratory from hybridoma culture supernatant:
anti-Thyl.2, anti-B220, anti-Mac-1, and anti-Gr-1
antibodies produced by the J1j.10(ATCCTIB184),
RA3-3A1/6. 1 (ATCCTIB1 46), M1/70. 15.11 .5HL(ATC-
CTIB128), and RB6-8C5 hybridoma clones, respec-
tively. Hybridomas were grown in Dulbecco's mini-
mum essential medium (GIBCO BRL, Gaithersburg,
MD) with 10% heat-denatured fetal calf serum (FCS;
Bioproduct Inc., Burlingame, CA) and 10-5 M
3-mercaptoethanol (GIBCO BRL) at 37 C with 5%
C02. Supernatants containing monoclonal antibod-
ies were harvested after centrifugation and used
directly without concentrating. Antibodies were
detected using fluorescein isothiocyanate (FITC)
conjugated goat anti-rat Ig F(ab')2 fragments
(Tago Inc., Burlingame, CA). Phycoerythrin (PE)-
conjugated rat anti-mouse Gr-1 (Immunochemicals;
Southern Biotechnology Inc., Birmingham, AL) was
also used for two-color fluorocytometric analyses.
Rabbit anti-rat stefin A was a kind gift of Dr. W. Ep-
stein22 (UCSF, San Francisco, CA). Immunohisto-
chemistry was conducted using biotinylated goat
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anti-rabbit IgG (Vector Dimension Labs, Burlingame,
CA) and horseradish peroxidase-conjugated strepta-
vidin (Vector Dimension Labs). PE-conjugated goat
anti-rabbit IgM and IgG (Immunochemicals) was
used for immunofluorescence staining.

RNA Extraction and Northern Blotting

Total RNA was extracted from tissues of wild-type and
mutant mice as previously described.23 Briefly, tis-
sues were quick-frozen on dry ice, then homogenized
in guanidine isothiocyanate and after acid phenol
extraction RNA was precipitated with isopropanol.
For Northern analysis, 20-pg RNA samples were

subjected to electrophoresis on 1 % agarose-

formaldehyde gel in a 1X MOPS running buffer. The
RNA was then transferred to Gene Screen nylon
membranes (New England Nuclear, Boston, MA), im-
mobilized by ultraviolet cross-linking (Stratagene
crosslinker), and hybridized at 65 C in phosphate
buffer with the 0.4-kb 32PaCTP-labeled murine
stefin-1 cDNA.13 After hybridization, membranes
were washed in 150 mmol/L phosphate buffer con-

taining 0.1% sodium dodecyl sulfate (SDS) at 60 C
until the background was lower than 200 cpm. Mem-
branes were exposed to X-ray film (X-omat; Kodak,
Rochester, NY) with intensifying screens at -70 C. To
control for loading differences, blots were stripped in
0.1% SDS for 10 minutes at 95 C and reprobed with
a 300-bp murine f-actin gene fragment.

Protein Extraction and Western
Blot Analysis

Total cellular protein lysates were prepared by resus-

pending freshly isolated bone marrow, spleen, or thy-
mic tissues in 1 ml of lysis buffer (2.5 mmol/L Tris, pH
8.3, 150 mmol/L ZnCI2, 50 pmol/L NaF, 50 pmol/L
Na2HPO4, 2 pmol/L EDTA, 1% NP-40, 2 mmol/L PMSF,
2 mmol/L sodium vanadate). Lysates were centri-
fuged for 20 minutes at 10,000 x g and 40 pg of total
cell lysate protein was subjected to electrophoresis
under reducing conditions on 15% SDS-poly-
acrylamide gels. The proteins were electroblotted
onto nitrocellulose paper (Schleicher & Schuller Inc.,
Keene, NH) and membranes were then blocked with
5% bovine serum albumin (Sigma Chemical Co., St.
Louis, MO) in Tris-buffered saline (TBS) and incu-
bated overnight with anti-stefin A antibody (25 pg/mI)
in 5 ml of blocking solution. The filters were then in-
cubated for 2 hours at room temperature with 1 pCi of
1251-labeled protein A (Amersham Corp., Oakville,

Ontario, Canada) in 5 ml of blocking solution, then
washed and exposed to Kodak X-omat film at -70 C.

Immunofluorescence Analyses

Cell Suspensions

Single cell suspensions were prepared from spleen
by pressing the tissue between the frosted ends of
two microscopic slides and from bone marrow by
flushing the marrow with 1 cc of medium. Cells in sus-
pension were washed and the red blood cells lysed
in hypotonic solution. Viability of the cells was evalu-
ated by staining in 0.4% trypan blue (Sigma Chemical
Co.). Cells prepared in this manner (1 x 106) were
stained for cell surface markers using rat anti-mouse
monoclonal anti-Mac-1, Gr-1, Thyl.2, and B220 an-
tibodies, respectively, as primary antibody and FITC-
conjugated rat anti-mouse Ig as secondary antibody.
Nonspecific staining was assayed using secondary
antibody alone. Expression of the various cell surface
antigens was then analyzed on a FACS 11 analyzer
using the LYSES program software (Becton Dickin-
son, Mountain View, CA). For detection of cytoplasmic
protein, cells were permeabilized by incubation with
100% MeOH at -20 C for 10 minutes. The cells were
then extensively washed, blocked in 10% goat serum
(Vector Labs), and incubated for 30 minutes at 4 C
with the primary rabbit anti-stefin A and secondary
goat anti-rabbit PE-conjugated antibodies. Nonspe-
cific staining was assessed using secondary anti-
body alone. After staining, cells were washed in
phosphate-buffered saline (PBS) containing 0.1%
FCS and 0.01% sodium azide, fixed in 1% paraform-
aldehyde (Sigma Chemical Co.), and analyzed by
flow fluorocytometry or fluorescence microscopy.

Immunohistochemistry

Tissues were harvested from normal and mutant
mice, fixed in 4% paraformaldehyde, dehydrated,
and paraffin embedded. Five-micron sections were
cut, deparaffinized, rehydrated, treated with 0.5
mg/ml protease (type XXIV; Sigma Chemical Co.) and
3% H202 in MeOH, then blocked with 10% normal
goat serum. Sections prepared in this manner were
incubated for 2 hours with rabbit antistefin A antibody
(25 pm/ml) then for 1 hour with biotinylated goat anti-
rabbit IgG secondary antibody (Vector Labs, 1:200)
and for 1 more hour with streptavidin-horseradish per-
oxidase complex (1:400) 3,3'-diaminobenzidine tet-
rahydrochloride (DAB) (Sigma Chemical Co.) was
used as a substrate for horseradish peroxidase (0.5
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mg/ml DAB in Tris, pH 7.6, with H202). Each incuba-
tion was followed by three washes in PBS. The slides
were counterstained with methyl green, dehydrated,
cleared, and mounted with De Pex (BDH Ltd.,
Toronto, Ontario, Canada).

Statistical Analysis

Student's t-test (using pooled variance estimate) was
used to compare the percentages of each cell type
found in me or mev spleen and bone marrow with
those found in wild-type spleen and bone marrow.
P - 0.05 was considered statistically significant.

Results

Stefin Gene Expression in Motheaten
Versus Normal Tissues

In previous studies, stefin gene expression was found
to be markedly increased in motheaten relative to nor-
mal bone marrow13 but the spectrum of other tissues
showing this abnormality was not defined. To fully de-
lineate the spectrum of motheaten tissues showing
altered stefin expression, expression of the gene was
examined by Northern analysis in both hemopoietic
and nonhemopoietic tissues of these mice. As pre-
viously reported, stefin expression was found to be
negligible in normal mouse bone marrow, whereas a
single highly abundant stefin transcript of '600 bp
was detected in mev and me bone marrow cells using
the Stf-1 (Figure 1). Stf-2, or Stf-3 (data not shown)
cDNAs as probes. Relatively high levels of stefin ex-

pression were also observed in mev (Figure 1) and me
(data not shown) splenic tissues. By contrast, how-
ever, stefin transcripts were not detected in thymic or
in most nonhematopoietic tissues (with the exception
of lung) from either me or normal mice. Therefore, the
increased levels of stefin expression detected in me
bone marrow and splenic tissues appear to arise in
non-T cell-related hemopoietic lineages.

To determine whether stefin protein was also rela-
tively increased in abundance in motheaten mice,
stefin expression was also examined in bone marrow
and splenic tissues from these mice using a poly-
clonal antibody raised against rat stefin A22 and
shown to be reactive with murine stefin A as well. This
analysis revealed the presence in motheaten bone
marrow and spleen of a stefin species of about -12
to 14 kd (Figure 2), as is consistent with the predicted
molecular weights of 12.7, 13.8, and 14.1 kd for Stf-1,
-2, and -3, respectively. 13 As shown in Figure 2, levels
of stefin protein expression also appeared increased
in me relative to normal mice, although the differences
were less striking than those observed at the level of
mRNA. For example, results of densitometric analysis
indicated levels of stefin transcripts and proteins to be
100- and 60-fold increased, respectively, in me com-
pared with normal bone marrow (data not shown).
Whether these differences in the relative increases of
transcript compared with protein levels reflect post-
transcriptional factors modulating the extent to which
stefin transcript is translated to protein or, alterna-
tively, relate to the different assay systems used re-
mains to be determined. However, the finding of in-
creased stefin protein in motheaten hemopoietic cells
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suggests that the increases in stefin gene expression
may be relevant to disease pathogenesis in these
mice.

Profile of Stefin Gene Expression in
Different Hemopoietic Cell Lineages

To determine which cell types in motheaten bone mar-

row and spleen are responsible for the increases in
stefin expression detected in these tissues, stefin ex-

pression was next examined in relationship to cell lin-
eage using immunofluorescence analysis. For these
studies, antibodies to the cell surface antigens
Thyl.2, B220, Mac-1, and Gr-1 were used to identify
T cells, B cells, macrophages, and granulocytes, re-

spectively, and rabbit anti-rat stefin A antibody was

used to identify cells expressing cytoplasmic stefin A
protein. Before investigating the cell profile of stefin
expression, the relative proportions of each cell type
were first compared between meand normal mice. As
noted above, data from previous studies of these mu-
tant mice indicated a reduction in numbers of con-

ventional (ie, B220+) B cells and T cells in contrast to
increases in the numbers of macrophages and granu-

locytes. As indicated by the data shown in Table 1, the
results of the current analysis confirm the presence of
reduced numbers of B cells (B220 positive) and in-
creased numbers of macrophage/monocytes (Mac-1
positive) and granulocytes (Gr-1 positive) in me and
mev relative to wild-type bone marrow and spleen.

Table 1. Relative Percentages of Various Hemopoietic Cell Types in Bone Marrow and Spleen ofMotheaten,
Viable Motheaten, and Wild-Type Congenic Mice

Percent Positive Cells*
Thy1.2 B220 Mac-1 Gr-1

Bone marrow
C57BL/6J +/+ 3.9 - 0.9 30.5 + 6.1 48.3 + 9.2 43.1 ± 8.5
C57BL/6J mevlmev 3.2 + 1.1 14.7 + 4.8 62.2 + 7.9 46.2 + 10.9

(0.001)t (0.001)
C3HeFeJ +/+ 4.6 + 1.5 30.7 ± 7.6 48.7 + 5.6 40.2 + 3.7
C3HeFeJ me/me 3.9 + 1.8 9.6 + 5.3 77.7 + 9.0 59.9 t 10.7

(0.001) (0.001) (0.001)
Spleen
C57BL/6J +/+ 14.9 + 2.0 28.6 ± 10.1 23.6 ± 4.0 22.6 ± 4.8
C57BL/6J mevlmev 7.5 + 4.2 17.7 ± 9.5 30.4 ± 11.5 21.5 ± 7.3

(0.001) (0.01)
C3HeFeJ +/+ 16.1 + 3.8 35.7 ± 6.2 28.4 + 6.4 22.0 + 6.8
C3HeFeJ me/me 9.8 + 3.4 15.7 ± 6.4 50.7 + 13.7 39.9 + 10.7

(0.001) (0.001) (0.001) (0.001)

Values are means + SD of the percentages of positively stained lymphocytes and represent averages of 10 independent experiments.
t Bracketed numbers show P values for mutant (mevlmev or me/me) versus wild type (+/+); only statistically significant values (P s 0.05)

are shown.
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Although no differences were detected in the num-
bers of T cells (Thyl.2 positive) in me and wild-type
bone marrow, T cell number was diminished by about
twofold in me relative to wild-type spleen (P = 0.001).
The results of this analysis also revealed a relative
expansion of granulocytic (Gr-1 positive) cells in the
me but not mev hemopoietic tissues (Table 1). It
should be noted, however, that a previous analysis of
specificity of the antibodies used here revealed that
a portion of the Mac-i- and Gr-1-positive cell popu-
lations showed dual positivity for these surface anti-
gens and, thus, that these markers do not entirely de-
marcate single lineage populations. Therefore, the
increases in numbers of Mac-i-positive cells appar-
ent in motheaten spleen and bone marrow may reflect
expansion of several cell populations, including those
of either monocyte/macrophage or myeloid origin.

Immunofluorescence analysis was next used to de-
termine the percentages of cells expressing cytoplas-
mic stefin A protein in me bone marrow and to inves-
tigate which cell types accounted for detection of
increased stefin expression in these animals. As an-
ticipated, me bone marrows showed considerably
more stefin A-positive cells (on average 15%) than
were detected in normal bone marrow (2 to 3%; data
not shown). As illustrated in Figure 3, the results of
dual color flow cytometric studies in which expression
of cytoplasmic stefin A and the lineage-specific sur-

Thy 1.2 B220

face markers was examined coincidentally revealed
stefin A expression in both wild-type and me bone
marrow to be primarily restricted to the cell popula-
tions demarcated by anti-Mac-1 and anti-Gr-1 stain-
ing. Thus, in wild-type mice approximately 3% of ste-
fin A-positive cells were also Mac-1 or Gr-1 positive,
whereas virtually none of the B220- and Thyi.2-
positive cells showed stefin A expression. Similarly, in
me bone marrow stefin A expression was almost ex-
clusively found in the Mac-1 and Gr-1-positive popu-
lation; in one animal expression of stefin A was de-
tected in 24 and 15% of the Mac-1 - and Gr-1-positive
bone marrow cells, respectively (Figure 3). These re-
sults therefore indicate that the increases in stefin ex-
pression observed in motheaten bone marrow map
primarily to a population of myelomonocytic cells and
probably reflect the abnormal overexpansion of these
cells in the marrow.

Tissue Distribution of Stefin
A-Expressing Cells

Previous studies of the pathological abnormalities
found in me mice have revealed that most of the mor-
bidity associated with this syndrome reflects tissue
infiltration by an overexpanded population of
macrophages/monocytes and neutrophils.2,3 Accu-
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mulations of these cells in the skin results in the severe
dermatitis that lends these mice their motheaten ap-
pearance, whereas in the lung the infiltrating my-
elomonocytic cells induce intra-alveolar hemorrhage
and pneumonitis, which represents the primary cause
of death. To determine whether the distribution of ste-
fin A-expressing cells in me mice parallels that of
these tissue-infiltrating cell populations, the pattern of
stefin A expression was assessed in various tissues
of these mice by immunohistochemical analysis with
the polyclonal antistefin A antibody. Analysis of me
splenic tissue in this manner revealed the presence
of large clusters of stefin-expressing cells that were
widely distributed throughout the spleen and asso-
ciated with loss of the normal splenic architecture
(Figure 4). By contrast, far fewer stefin-producing
cells were detected in normal spleen and these dis-
persed cells were apparent only in the red pulp.

In contrast to spleen, pulmonary tissues from nor-
mal mice were completely lacking in stefin-
expressing cells (data not shown). However, as is
consistent with the progressive development of se-
vere inflammatory lesions in me lungs, multiple foci of
stefin-producing cells were observed throughout
both the pulmonary interstitial tissues and alveoli of
the mutant animals (Figure 5). Stefin expression was
also assessed in me skin, and, as shown in Figure 5,
was detected in all layers of the epidermis. As is con-
sistent with previous data concerning the tissue dis-
tribution of stefin A,24 26 stefin expression was also
detected in the epidermal epithelial cells of normal
mice (data not shown). However, in contrast to normal
mice, the me mice were found to have hyperkeratosis
and hyperplasia of the epidermis, the hyperplastic
cells showing pronounced stefin expression (Figure

5). The me skin was also distinguished from that of
normal mice by the presence in the former of infil-
trating populations of stefin-producing cells in the
dermal connective tissues (Figure 5). In contrast to
the abnormalities detected in spleen, lungs, and skin,
the tissues that are severely affected by the me mu-
tation, me and normal mice showed comparable ste-
fin expression in all other tissues studied (data not
shown).

These results therefore reveal a correlation be-
tween the tissue distribution of stefin-producing cells
and myelomonocytic inflammatory lesions in me mice
and thus provide further evidence linking increases in
stefin expression in various me and mev tissues with
the expansion in these tissues of Mac-i- and Gr-1
positive hemopoietic cell populations. The results
also suggest that in at least some tissues of the mutant
mice increases in stefin expression reflect increases
in the numbers of not only hemopoietic but also
epithelial-derived cells.

Discussion
Previous investigations into the pathogenesis of the
inflammatory syndrome manifested by me and mev
mice led to the identification of three members of the
CPI stefin gene family, which appeared to be mark-
edly overexpressed in motheaten compared with nor-
mal bone marrow.13 The data reported here confirm
the increased expression of stefin A transcript in me
and mev bone marrow and indicate that levels of both
stefin A transcript and protein are increased not only
in bone marrow but also in splenic tissues of the mu-
tant mice. In addition to this abnormality, marked ex-

Figure 4. Immunohistochemical analysis showing stefin A-expressing cells in me anid wild-type spleen. Stefin A expression was detected in me (left
paneb) and wild-type ( right pane[) splenzic tissue by staining with rabbit anti-rat stefin A and biotinylated goat anti-rabbit Ig antibodices and horse-
r-adish peroxidase-conyjugated streptai'idin and DAB as described in Materials and MIethods. Tissues were thenz counterstained uith nethyl green
an1d examined by light inicroscopy ( niagnification X 100). The arrouw indicates afocuis ofstefin-producing cells (broun staining) in the me spleen.
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Figure 5. Immunohistochemical analysis show-
ing stefin A-expressing cells in me lung and skin.
Stefin A expression was detected in me lung (up-
per panels) and skin (lower panels) by staining
with rabbit antistefin A and biotinylated goat
anti-rabbit Ig antibodies and horseradish
peroxidase-conjugated streptavidin and DAB.
Tissues were then counterstained with methyl
green and examined by light microscopy (magni-
fication X 100, panels on the left; x 1000, panels
on the right). Accumulations of stefin-expressing
cells (brown staining) are present in both the pul-
monary interstitium and alveoli (upper panels)
and in all layers of the epidermis, including the
hyperplastic and hyperkeratotic areas (lowerpan-
els) in me mice. The arrow indicates pernfollicu-
lar stefin-expressing cells in the dermal connec-
tive tissue ofme skin.

pansion of myelomonocytic cell populations also dis-
tinguished the bone marrow and splenic tissue of
motheaten mice from that of normal animals. Similarly,
stefin A expression was also abnormally prominent in
the skin and lungs of me mice, tissues in which mas-
sive monocyte/granulocyte accumulation occurs and
is considered responsible for organ damage and dys-
function. These observations indicate that overex-
pression of stefin A proteins in me and mev mice oc-
curs for the most part in the same tissues that are most
adversely affected by the mutation and suggest that
this abnormality reflects the expansion of stefin-
producing myelomonocytic cell populations within
these tissues.

Based on data from previous studies addressing
the normal tissue distribution of stefin proteins, stefin
appears to be expressed most prominently in epithe-
lial cells, neutrophil granulocytes, and activated
monocyte/macrophage cells.22,24'25 Because these
latter cell types also represent the lineages known to
be massively expanded in motheaten mice,23 it ap-
peared that the increases in stefin levels observed in
motheaten tissues might reflect expansion in the num-
bers of stefin A-producing cells rather than increased
expression of the protein in individual cells. This issue
was addressed by comparing the numbers of stefin-
expressing cells and monocyte/macrophage and my-
eloid cells in motheaten and normal bone marrow. The
data indicate that the numbers of both myelomono-

cytic cells and stefin-expressing cells are markedly
increased in me compared with normal bone marrow
and also reveal stefin A expression in bone marrow to
be largely restricted to the Mac-i-and Gr-i-positive
cell populations. These data therefore support the
contention that increases in stefin levels in me and
mev tissues reflect the presence of abnormally high
numbers of stefin-expressing myelomonocytic cell
populations within these tissues. Interestingly, the
percentages of motheaten bone marrow cells co-
expressing stefin A and either the Mac-1 or Gr-1 an-
tigens (24 and 15%, respectively) were considerably
lower than the percentages of Mac-1 and Gr-1 cells
in the bone marrow (78 and 60%, respectively). This
finding may relate to the possibility that the cell popu-
lations distinguished by expression of Mac-1 and/or
Gr-1 are heterogeneous and contain cells that differ
with respect to their states of activation and/or differ-
entiation and, hence their capacity for stefin A ex-
pression. Along similar lines, although the association
of the me phenotype with the expansion of a hyper-
proliferative, growth factor-independent population of
myelomonocytic cells is well established,27'28 it is un-
clear whether this population is comprised of a single
or multiple cell types. Further studies of stefin A ex-
pression in me mice may provide a means to address
this issue and thereby increase our understanding of
the differentiation pathways involved in the genesis of
myeloid and monocytic cells.

1 .
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Although the biochemical and enzymatic proper-
ties of stefins have been extensively characterized,26
the relevance of these CPls to specific facets of cell
behavior remain unknown. However, cysteine protein-
ases that represent the substrates for CPls and are
found in both endosomes and lysosomes of macro-
phages have been shown to play an important role in
macrophage-mediated antigen presentation and
hence in cellular immune responses.2932 Selective
inhibition of cysteine proteinase activity has been
shown to profoundly alter the antigen-presenting ca-
pacity of macrophages.33 Observations such as
these suggest that by virtue of inhibiting cysteine pro-
teinase catalyzed proteolytic degradation, stefins
and other CPls may influence the intracellular
processes involved in antigen presentation and
thereby modulate the interactions between antigen-
presenting macrophages and T cells required for nor-
mal immune responses. By extension, it is possible
that the increases in stefin protein levels detected in
various tissues of motheaten mice might be relevant
to the immune deficiency manifested by these ani-
mals. However, the precise mechanisms whereby in-
creased stefin expression contributes to pathogen-
esis in these mutant mice is unclear, particularly
because the increased levels of these proteins largely
reflect expansion in the myelomonocytic population
and are therefore probably associated with concomi-
tant increases in levels of various cysteine protein-
ases.

In addition to their role in inflammation, both cys-
teine proteinases and their inhibitors have been im-
plicated in cell differentiation and transformation.34-41
For example, although stefin expression has been de-
tected in all layers of the normal epidermis, levels of
stefin synthesis appear to vary inversely with stage of
differentiation.3436 These and other data concerning
stefin expression in the skin suggest that these pro-
teins are involved in the regulation of epidermal dif-
ferentiation. Synthetic CPls have also been shown to
induce the transformation of NIH-3T3 cells in culture38
and changes in the subcellular distribution of both
cysteine proteinases and their inhibitors have been
described in various types of tumors.39-41 These data
suggest that stefins contribute in some manner to ma-
lignant transformation, a possibility consistent with
our recent finding that mice heterozygous for the mev
and me mutations are unusually prone to developing
lymphomas and adenocarcinomas, respectively.42
Conversely, reduction in CPI activities may also be
relevant to oncogenesis, as suggested by the finding
of reduced total CPI inhibitory activity in conjunction
with increased cathepsin B and L activities in breast
cancer tissues.43 Therefore, although the precise

manner wherein CPls might influence cellular trans-
formation remains to be determined the available
data suggest that CPI activity is relevant to tumor de-
velopment.

In summary, the data presented here confirm the
aberrant expression of stefin A proteins in motheaten
mice and strongly suggest that this abnormality re-
flects the overexpansion of stefin-producing my-
elomonocytic cells in these mice. The me phenotype
is now known to reflect loss of function mutations in
the gene encoding PTP1 C11'12 and thus the massive
expansion of myelomonocytic cells observed in these
mice implies an important role for PTP1C in down-
regulating the differentiation and/or proliferation of
these cells. Whether the effects of impaired PTP1C
function are more specifically manifested in a stefin-
expressing subpopulation of myelomonocytic cells
remains to be determined. However, the data pre-
sented here provide a framework for further investi-
gations into the functional relevance of stefin A pro-
teins to both normal cellular physiology and to the
immunopathogenesis of me and other chronic inflam-
matory disorders.

Acknowledgments
We thank Drs. W. Epstein (San Francisco, CA) and A.
J. Barrett (Cambridge, UK) for provision of antistefin
and anticystatin antibody, respectively, Dr. S. Bull for
assistance with statistical analyses, and Ken Harpal
for assistance with sample processing for immuno-
histochemical analysis.

References
1. Sidman CL, Shultz LD, Unanue ER: The mouse mutant

motheaten. I. Development of lymphocyte populations.
J Immunol 1978, 121:2392-2399

2. Shultz LD, Coman DR, Bailey CL, Beamer WG, Sid-
man CL: Viable motheaten a new allele at the moth-
eaten locus. I. Pathology. Am J Pathol 1984, 116:179-
184

3. Green MC, Shultz LD: Motheaten, an immunodeficient
mutant of the mouse 1. Genetics and Pathology. J
Hered 1975, 66:250-255

4. Sidman Cl, Shultz LD, Unanue ER: The mouse mutant
motheaten. II. Functional studies of the immune sys-
tem. J Immunol 1978, 121:2399-2404

5. Davidson WF, Morse Ill HC, Sharrow SO, Chused TM:
Phenotypic and functional effects of the motheaten
gene on murine B and T lymphocytes. J Immunol
1979, 122:884-891



Increased Stefin Expression in Motheaten Mice 911
AJP October 1994, Vol. 145, No. 4

6. Sidman CL, Shultz LD, Hardy RR, Hayakawa K, Her-
zenberg LA: Production of immunoglobulin isotypes
by Lyl+B cells in viable motheaten and normal mice.
Science 1986, 232:1423

7. Clark EA, Shultz LD, Pollack SB: Mutations in mice
that influence natural killer (NK) cell activity. Immuno-
genetics 1981, 12:601-613

8. Koo GL, Manyak CL, Dasch J, Ellingsworth L, Shultz
LD: Suppressive effects of monocytic cells and trans-
forming growth factor-f on natural killer cell differentia-
tion in autoimmune viable motheaten mutant mice. J
Immunol 1991, 147:1194-1200

9. Shultz LD, Bailey CL, Coman DR: Hemopoietic stem
cell function in motheaten mice. Exp Hematol 1983,
11:667-680

10. Sidman CL, Marshall ID, Allen RD: Murine "viable
motheaten" mutation reveals a gene critical to the de-
velopment of both B and T lymphocytes. Proc Natl
Acad Sci USA 1989, 86:6279-6282

11. Tsui HW, Siminovitch KA, de Souza L, Tsui FWA: The
motheaten and motheaten viable phenotypes are as-
sociated with mutation in a gene encoding a haemo-
poietic phosphotyrosine phosphatase. Nature Genet.
1993, 4:124-129

12. Kozlowski M, Mlinaric-Rascan I, Feng GS, Shen R,
Pawson T, Siminovitch KA: Expression and catalytic
activity of the tyrosine phosphatase PTP1C is severely
impaired in motheaten and viable motheaten mice. J
Exp Med 1993, 178:2157-2163

13. Tsui FWL, Tsui HW, Mok S, Mlinaric-Rascan I, Cope-
land NG, Gilbert DJ, Jenkins NA, Siminovitch KA: Mo-
lecular characterization and mapping of murine genes
encoding three members of the stefin family of cys-
teine proteinase inhibitors. Genomics 1993, 14:793-
795

14. Turk V, Bode W: The cystatins: protein inhibitors of
cysteine proteinases. FEBS Lett 1991, 285:213-219

15. Barrett AJ: The cystatins: a new class of peptidase in-
hibitors. Trends Biochem Sci 1987, 12:193-196

16. Turk V, Brzin J, Kopitar M, Lenarcic B, Popovic T,
Ritonja A, Trstenjak M: Human cathepsin B, H, and L
and their endogenous protein inhibitors, structure,
function, and biological role. In Proteinases in Inflam-
mation and Tumor Invasion. Berlin, Walter de Gruyter
& Co., 1986, pp 77-89

17. Jarvinen M, Rinne A: Human spleen cysteine protein-
ase inhibitor: purification, fractionation into isoelectric
variants and some properties of the variants. Biochim
Biophys Acta 1982, 708:210-217

18. Kominami E, Bando Y, Wakamatsu N, Katumuma N:
Different tissue distributions of two types of thiol pro-
teinase inhibitors from rat liver and epidermis. J Bio-
chem 1984, 96:1437-1442

19. Trabandt A, Gay RE, Fassbender HG, Gay S: Cathep-
sin B in synovial cells at the site of joint destruction in
rheumatoid arthritis. Arthritis Rheum 1991, 34:1444-
1451

20. Assfalg-Machleidt I, Jochum M, Nast-Kolb D, Siebeck

M, Billing A, Joka T, Rothe G, Valet G, Zauner R,
Scheuber HP, Machleidt W: Cathepsin B: indicator for
the release of lysosomal cysteine proteinases in se-
vere trauma and inflammation. Biol Chem Hoppe-
Selyer 1990, 371:211-222

21. Sloane BF, Rozhin J, Robinson D, Honn KV: Role
for cathepsin B and cystatins in tumor growth and
progression. Biol Chem Hoppe-Seyler 1990, 37:193-
198

22. Hibino T, Fukuyama K, Epstein W: Chemical charac-
terization, synthesis and distribution of proteinase in-
hibitor in newborn rat epidermis. Biochim Biophys
Acta 1980, 632:214-226

23. Chomczynski P, Sacchi N: Single-step method of RNA
isolation by acid guanidinium thiocyanate-phenol-
chloroform extraction. Anal Biochem 1987, 162:156-
159

24. Jarvinen M, Rasanen 0, Rinne A: The low-molecular
weight SH-protease inhibitor in rat skin is epidermal. J
Invest Dermatol 1978, 71:119-121

25. Brzin J, Kopitar M, Turk V, Machleidt W: Protein inhibi-
tors of cysteine proteinases. I. Isolation and character-
ization of stefin a cytosolic protein inhibitor of cysteine
proteinases from human polymorphonucleargranulo-
cytes. Hoppe-Seyler Physiol Chem 1983, 364:1475-
1480

26. Turk V, Jerala R, Lenarcic B, Sali A: Structural and
functional aspects of human cathepsin B, H, and L
and their endogenous protein inhibitors, stefins. In In-
tracellular Proteolysis, Mechanism and Regulation.
Edited by N Katunuma and E Kominana. Tokyo, Japa-
nese Scientific Society, 1989, pp 27-34

27. McCoy KL, Chi E, Engel D, Clagett J: Accelerated rate
of mononuclear phagocyte production in vitro by
splenocytes from autoimmune motheaten mice. Am J
Pathol 1983, 112:18-26

28. McCoy KL, Nielson K, Clagett J: Spontaneous produc-
tion of colony stimulating activity by splenic Mac-1
antigen-positive cells from autoimmune motheaten
mice. J Immunol 1984, 132:272-276

29. Blum J, Fiani ML, Stahl PD: Proteolytic cleavage of
ricin A chain in endosomal vesicles. J Biol Chem
1991, 266:22091-22095

30. Rodriguez GM, Diment S: Role of cathepsin D in anti-
gen presentation of ovalbumin. J Immunol 1992, 149:
2894-2898

31. Takahashi H, Cease KB, Berzofsky JA: Identification of
proteases that process distinct epitopes on the same
protein. J Immunol 1989, 142:2221-2229

32. Davidson HW, West MA, Watts C: Endocytosis, intra-
cellular trafficking, and processing of membrane IgG
and monovalent antigen/membrane IgG complexes in
B lymphocytes. J Immunol 1990, 144:4101-4109

33. Buus S, Werdelin 0: A group-specific inhibitor of lyso-
somal cysteine proteinases selectively inhibits both
proteolytic degradation and presentation of the anti-
gen dinitrophenyl-poly-L-lysine by guinea pig acces-



912 Mlinaric-Rascan et al
AJP October 1994, Vol. 145, No. 4

sory cells to T cells. J Immunol 1986, 136:452-458
34. Takahashi M, Tezuka T, Katunuma N: Properties and

nature of a cysteine proteinase inhibitor located in
keratohyalin granules of rat epidermis. FEBS Lett
1990, 267:261-264

35. Tanabe H, Kumagai N, Tsukahara T, Ishiura S, Komi-
nami E, Nishina H, Sugita H: Changes of lysosomal
proteinase activities and their expression in rat cul-
tured keratinocytes during differentiation. Biochim Bio-
phys Acta 1991, 1094:281-287

36. Hawley-Nelson P, Berchtold MW, Huitfeldt H, Spiegel
J, Yupsa SH: Skin calcium-binding protein is a parval-
bumin of the panniculus carnosus. J Invest Dermatol
1986, 86:157-162

37. Lah TT, Kokalj-Kunover M, Strukelj B, Pungercar J,
Barlic-Maganja D, Drobnic-Kosorok M, Kastelic L,
Babnik J, Golouh R, Turk V: Stefins and lysosomal
cathepsins B, L and D in human breast carcinoma. Int
J Cancer 1992, 50:36-44

38. Hiwasa T, Sawada T, Sakiyama S: Cysteine proteinase
inhibitors and ras gene products share the same bio-
logical activities including transforming activity toward
NIH3T3 mouse fibroblasts and the differentiation-

inducing activity toward PC12 rat pheochromocytoma
cells. Carcinogen 1990, 11:75-80

39. Rozhin J, Gomez AP, Ziegler GH, Nelson KK, Chang
YS, Fong D, Onoda JM, Honn KV, Sloane BF: Cathep-
sin B to cysteine proteinase inhibitor balance in meta-
static cell subpopulations isolated from murine tu-
mors. Cancer Res 1990, 50:6278-6284

40. Moin K, Emmert LT, Sloane BF: A membrane-
associated cysteine protease inhibitor from murine
hepatoma. FEBS Lett 1992, 309:279-282

41. Moin K, Rozhin J, McKernan TB, Sanders VJ, Fong D,
Honn KV, Sloane BF: Enhanced levels of cathepsin B
mRNA in murine tumors. FEBS Lett 1989, 244:61-64

42. Bignon JS, Siminovitch KA: Identification of PTP1C
mutation as the genetic defect in motheaten and vi-
able motheaten mice: a step toward defining the roles
of protein tyrosine phosphatases in the regulation of
haemopoietic cell differentiation and function. Clin Im-
munol Immunopathol (in press)

43. Lah TT, Kokalj-Kunovar M, Drobnic-Kosorok M, Babnik
J, Golouh R, Vrhovec I, Turk V: Cystatins and cathep-
sins in breast carcinoma. Biol Chem Hoppe-Seyler
1992, 373:595-604


